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ABSTRACT
Quantum dots (QDs) are widely used in optoelectronic devices due to their excellent optical properties. However, their photolu-
minescent characteristics are highly sensitive to temperature and humidity, impacting the performance and reliability of QD-
based devices. Traditional strategies typically address either heat dissipation or moisture resistance but fail to handle both high 
temperature and humidity simultaneously. To improve thermal-humid stability, we proposed integrating horizontally oriented 
hexagonal boron nitride (hBN) microstructures into QDs composites. This design enhances in-plane thermal conductivity and 
reduces through-plane water vapor diffusivity, as confirmed by effective medium theory. We developed a flow-induced method 
using fluid shear force during spin coating to achieve the horizontal alignment of hBN. The fabricated transmissive white light 
laser diodes (WLDs), termed LC/HhBN WLDs, demonstrated superior optical and thermal performance. Under a driving cur-
rent of 500 mA, LC/HhBN with 5 wt% hBN exhibited a maximum surface temperature 54°C lower than conventional LC WLDs. 
Additionally, the luminous efficiency of LC/HhBN was 131.34 lm W−1, surpassing LC's 124.76 lm W−1. In a 600-h aging test at 
60°C and 90% relative humidity, QDs-silicone/HhBN with 5 wt% hBN retained 82% of its initial light intensity, compared to only 
65% for QDs-silicone.

1   |   Introduction

Quantum dots (QDs) are widely utilized in optoelectronic appli-
cations as an indispensable color-converting component, owing 
to their remarkable optical properties including high luminous 
efficiency, broad absorption spectra, and size-tunable emission 
spectra [1, 2]. Nevertheless, their performance is highly vul-
nerable to environmental factors, particularly temperature and 
humidity. Both elevated temperature and hydro-oxidative cor-
rosion in humid conditions introduce defect states within QDs 
[3]. These defect states enhance non-radiative recombination 

pathways, leading to degradation of luminous efficiency and op-
erating lifetime, and even thermal quenching at excessively high 
temperatures [4, 5]. During the light conversion process, QDs 
absorb and emit light while simultaneously generating heat via 
non-radiative relaxation [6]. The silicone matrix, which is com-
monly used to encapsulate QDs, exhibits an inherently low ther-
mal conductivity of approximately 0.15 W m−1 K−1, significantly 
hindering heat dissipation. This results in thermal accumula-
tion, further elevating the operational temperature of QDs [7]. 
In humid environments, the loosely structured polymer matrix 
allows water and oxygen molecules to penetrate easily, causing 
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damage to the QDs. Under the combined stress of high tempera-
ture and humidity, the performance and reliability of QDs-based 
optoelectronic devices face severe limitations.

To mitigate the challenges posed by temperature and humidity, 
researchers have explored various strategies [8]. For enhancing 
heat dissipation, incorporating high thermal-conductive fillers 
into the composite stands out as the most effective and widely 
adopted approach [9–11]. Hexagonal boron nitride (hBN), 
owing to its exceptional in-plane thermal conductivity of ap-
proximately 600 W m−1 K−1 and minimal light absorption, has 
emerged as a preferred material for improving heat dissipation 
in luminescent composites (LCs) [12, 13]. To improve the heat 
transfer efficiency between QDs and the incorporated hBN 
platelets, techniques such as electrostatic bonding have been 
developed to strengthen their interaction, which reduced the 
working temperature by 22.7°C [14, 15]. Moreover, leveraging 
the anisotropic thermal conductivity of hBN, advanced methods 
like ice-template-directed alignment and air-bubble-assisted 
assembly have been proposed to construct three-dimensional 
thermal dissipation networks in the matrix, significantly boost-
ing the composite's thermal conductivity [16, 17]. However, most 
of these studies primarily focus on thermal issues, with limited 
consideration of the moisture stability. For improving stability 
in humid environments, moisture-resistant packaging strategies 
have been devised [18]. These include the application of protec-
tive buffer layers such as silica [19, 20], superior hydrophobic 
silica coating [21], the development of densely packaging matrix 
like silica glass [22, 23] and poly(styrene-ethylene-butylene-
styrene) [24], and the moisture-resistant packaging architectures 
like layered packaging [25] and diffusion plate with imperme-
able flake [26, 27] all of which offer effective protection for QDs. 
While these methods effectively improve humidity resistance, 
they often compromise heat dissipation due to the low thermal 
conductivity of the added barrier layers. The existing strategies 
often overlook the combined impact of heat and humidity in 
real-world applications. Consequently, there is a pressing need 
to develop an integrated heat- and moisture- management pack-
aging solution for QDs converted devices to address these dual 
challenges effectively.

HBN is a promising material to address the dual challenges of 
heat and moisture management in QDs composites, owing to its 
exceptional in-plane thermal conductivity and moisture imper-
meability [18, 28]. Given the anisotropic thermal and structural 

properties of hBN, its orientation plays a pivotal role in deter-
mining performance outcomes. In this work, we proposed a 
microstructure featuring horizontally oriented hBN within QDs 
composites to simultaneously enhance the heat dissipation and 
moisture resistance. Effective medium theory (EMT) was em-
ployed to calculate the thermal conductivity and water vapor 
diffusivity (WAD) of composites with both randomly and hor-
izontally oriented hBN, while the finite element method (FEM) 
was utilized to analyze heat and moisture transport, elucidating 
the underlying mechanisms. Our findings highlight the superior 
thermal-humid performance achieved with horizontal orienta-
tion. To achieve this alignment microstructure, we implemented 
a flow-induced orientation strategy. Shear forces within fluid 
flow have been demonstrated to achieve particle orientation 
[29]. By utilizing centrifugal forces during spin coating, we ef-
fectively orient hBN platelets horizontally within the QDs LC. 
This configuration yielded a composite with enhanced in-plane 
thermal conductivity and reduced moisture diffusivity, which 
were demonstrated by experimental thermal conductivity and 
WAD test respectively. Leveraging this approach, we fabricated 
QDs converted white laser diodes (LC/HhBN WLDs) which out-
performed traditional QDs LC WLDs in optical, thermal, and 
humid-environment stability.

2   |   Material and Methods

2.1   |   Materials

Red-emissive CdSe/ZnS QDs with a peak wavelength of 630 nm 
were provided by Poly Opto-Electronics, Shenzhen, China. 
Yellow-emissive phosphor with a peak wavelength of 538 nm 
was provided by Intematix, Fremont, USA. hBN platelets with 
an average diameter of 45 μm were purchased from Momentive, 
Indiana, USA. Two-component silicone (SYLGARD 184, 
A:B = 10:1) was purchased from Dowsil, Midland, USA.

2.2   |   Fabrication of Silicone With Horizontally 
Oriented hBN (Silicone/HhBN)

The fabrication process of silicone/HhBN was shown in 
Figure 1a. First, hBN platelets (with mass fractions of 5 wt% and 
10 wt%) were uniformly mixed with 4 g silicone gel and degassed 
to prepare the hybrid fluid. Subsequently, 0.2 g hybrid fluid was 
dropped onto the center of the spinning sapphire substrate (with 
a diameter of 25 mm) by using an injector, and then underwent 
a 5-s spin coating process under 2000 rpm to form a uniform 
film on the substrate. The spin-coating parameters used in this 
work were adopted from our previous study, in which we sys-
tematically investigated the influence of the parameters on the 
orientation of hBN platelets in polymer fluid [30]. Then, the sub-
strate was heated at 100°C for 2 min to cure the film. Finally, on 
the cured film, the aforementioned spinning-coating processes 
were repeated to fabricate a 9-layer silicone/HhBN composite 
with a thickness of 1 mm and a diameter of 25 mm. As a com-
parison, silicone with randomly oriented hBN (silicone/RhBN) 
was also prepared. Silicone and hBN of different mass fractions 
were well mixed and vacuumed. Then, the mixture was poured 
into an aluminum alloy mold (with a diameter of 12.7 mm and 
thickness of 1 mm) and cured at 100°C for 15 min.

Highlights

•	 Spin coating could effectively realize hBN's horizontal 
orientation.

•	 Under 5 wt% of horizontally oriented hBN, the com-
posite's thermal conductivity was tripled.

•	 Under 5 wt% of horizontally oriented hBN, the com-
posite's water vapor diffusivity was halved.

•	 At 500 mA, device working temperature was reduced 
by 54°C.

•	 After 600-h aging test, the light intensity was im-
proved by 26.2%.
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2.3   |   Fabrication of LC/hBN

The fabrication process of LC/HhBN was similar to that of the 
silicone/HhBN composite. First, 4 g silicone gel, 0.8 g phosphor, 
240 μL QDs-chloroform solution and hBN (with mass fraction 
of 5 and 10 wt%) were uniformly mixed and degassed. The fol-
lowing repeated spinning-coating steps are similar to those in 
the fabrication of silicone/HhBN, while the curing temperature 
is changed to 85°C. As a reference, LC was also prepared. Two 
gram-silicone gel, 0.4 g phosphor, and 120 μL QDs-chloroform 
solution were uniformly mixed, degassed and then poured 
into an aluminum alloy mold (with a diameter of 25 mm and 
thickness of 1 mm). Finally, it was cured at 85°C (to reduce 
temperature-induced degradation) for 15 min.

2.4   |   Characterizations

Scanning electron microscope (SEM) and energy dispersive 
spectroscopy (EDS) mapping images of QDs-silicone/HhBN 

composite were obtained by a field-emission SEM (RISE-
CLARA, TESCAN, Brno, The Czech Republic). Samples were 
coated with a thin layer of gold prior to testing by a broad 
argon ion beam system (PECSII685, GATAN, Pleasanton, 
USA) with 300 s. The ultraviolet–visible (UV–VIS) absorption 
spectra of QDs-silicone and QDs-silicone with randomly and 
horizontally oriented hBN (QDs-silicone/RhBN and QDs-
silicone/HhBN) were measured by a UV–VIS spectrophotom-
eter (SolidSpec-3700, Shimadzu, Kyoto, Japan). The thermal 
diffusivity α of silicone, silicone/RhBN and silicone/HhBN 
were tested by a laser flash analysis (LFA457, Netzsch, Selb, 
Germany). Density ρ of the samples was tested by an elec-
tron density meter (XF-220SD, LICHEN, Shanghai, China). 
Specific heat capacity Cp of the samples was measured by a dif-
ferential scanning calorimetry (Diamond DSC, PerkinElmer, 
Shanghai, China). Thermal conductivity κ of the samples was 
calculated by κ = α·ρ·Cp. The photoluminescence (PL) spectra 
and time resolved PL (TRPL) were obtained by a fluorescence 
spectrofluorometer (EI FLS980, Edinburgh Instruments, 
Livingston, UK) at a pulse excitation wavelength of 450 nm. 

FIGURE 1    |    Schematic showing the QDs composite embedded with hBN platelets. (a) Spin coating and layer-by-layer curing process of horizon-
tally oriented hBN platelets. Schematic of (b) heat transfer and (c) moisture permeation in LC, LC/RhBN, and LC/HhBN.
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Surface temperature distributions of QDs-LC and QDs-LC/
HhBN were obtained by a thermal infrared imager (SC620, 
FLIR, Wilsonville, USA). Optical performances were tested by 
an integrating sphere system (ATA-1000, Everfine, Hangzhou, 
China). The samples were excited by a commercial laser diode 
(L450P1600MM, Thorlabs, Newton, USA). WAD of the sam-
ples was carried out by fitting the water vapor absorption 
curves with Fick diffusion [31, 32]:

where Mt is the total mass of the samples at time t. M∞ is the 
total mass of the sample saturated with water vapor. D is the 
water vapor diffusivity, and l is the thickness of the sample. 
The water vapor absorption experiments were proceeded under 
20°C and 70% RH through a Dynamic Vapor Sorption (IGAsorp, 
Hiden, Warrington, UK).

2.5   |   Analytical Model

EMT [33] model was used to study the thermal conductivity and 
WAD of the composite with horizontally and randomly oriented 
particles, respectively.

For in-plane thermal conductivity:

where κmatrix is the thermal conductivity of the polymer 
matrix  (0.15 W m−1 K−1 for silicone) and Vf is the volume 
fraction of the filler. L11 and L33 are the geometric factors de-
pendent on the particle, which are listed in Table  1. β11 and 
β33 are the factors related to thermal conductivities of filler 
and matrix, which are listed in Table 1. <cos2θ > is 1/3 and 1 
for randomly oriented and horizontally oriented composites, 
respectively.

WAD of the silicone containing hBN could also be calculated by 
the EMT model:

where Dmatrix is the WAD of the polymer matrix (2.86 × 10−9 m2 s−1 
for silicone). The related parameters for calculation are listed in 
Table 1.

3   |   Results and Discussion

Figure 1b provides a schematic of heat dissipation in LC, LC/
RhBN and LC/HhBN composites. In the light-emitting process, 
QDs and phosphor absorb blue light and convert it to red and 
yellow light, with heat generated from the non-radiative process. 
In pure silicone, the low thermal conductivity leads to heat ac-
cumulation and elevated temperatures, compromising device 
performance. The incorporation of hBN markedly improves 
heat dissipation. Owing to the anisotropic thermal-conductive 
feature of hBN, its orientation critically influences the direction 
of heat flux. In LC/RhBN composite, where hBN is randomly 
oriented, the heat flux is disordered, whereas in LC/HhBN, with 
horizontally oriented hBN, the heat flux is transferred orderly 
along the horizontal plane, facilitating more efficient heat dis-
sipation. This leverages hBN's high in-plane thermal conduc-
tivity to rapidly transfer heat away from luminescent particles. 
Figure  1c depicts the moisture permeation process within a 
hBN-incorporated polymer. Driven by pressure and concentra-
tion differences, water and oxygen molecules infiltrate the sil-
icone and diffuse through it. The impermeable nature of hBN 
extends the diffusion pathway, effectively mitigating moisture-
induced degradation of the luminescent particles. The thermal 
conductivity of the filler-matrix system containing anisotropic 
fillers can be predicted by Equation (2). Under hBN volume frac-
tion of 4.7 vol% (mass fraction of 10 wt%), κin-plane is calculated 
as 0.45 W m−1 K−1 for randomly oriented-hBN composite and 
0.60 W m−1 K−1 for horizontally oriented-hBN composite, which 
are 3 times and 4 times that of silicone, respectively. Considering 
interfacial thermal resistance Rb = 0, 10−6, and 10−4 m2 K W−1, 
the thermal conductivity was calculated and listed in Table 2. 
At Rb = 10−4 m2 K W−1, it has a great influence on the ther-
mal conductivity of the composites. The calculated WADs are 
1.85 × 10−9 and 1.13 × 10−9 m2 s−1 for silicone with randomly and 

(1)Mt ∕M∞ = 1 −
8

�

n= ∞
∑

n= 0

1

(2n+1)2
e−D(2n+1)

2�2
t

l2

(2)

𝜅 in-plane

=𝜅matrix

2+Vf
[

𝛽11
(

1−L11
)(

1+ < cos2 𝜃 >
)

+𝛽33
(

1−L33
)(

1− < cos2 𝜃 >
)]

2−Vf
[

𝛽11L11
(

1+ < cos2 𝜃 >
)

+𝛽33L33
(

1− < cos2 𝜃 >
)]

(3)

Dthrough-plane

=Dmatrix

1+Vf
[

𝛽11
(

1−L11
)(

1− < cos2 𝜃 >
)

+𝛽33
(

1−L33
)

< cos2 𝜃 >
]

1−Vf
[

𝛽11L11
(

1− < cos2 𝜃 >
)

+𝛽33L33< cos
2 𝜃 >

]

TABLE 1    |    Parameters for calculation of EMT model.

Vf (mf)/% κmatrix or Dmatrix β11 β33 L11 L33 <cos2θ>

Thermal conductivity 4.7 (10) 0.15 W m−1 K−1 60.98 1.03 0.02 0.97 1/3, 1

Water vapor diffusivity 4.7 (10) 2.86 × 10−9 m2 s−1 −1.02 −30.96 0.02 0.97 1/3, 1

TABLE 2    |    Calculated thermal conductivity κin-plane by EMT model under different Rb.

Rb = 0 m2 K W−1 Rb = 10−6 m2 K W−1 Rb = 10−5 m2 K W−1

Randomly 0.45 0.42 0.29

Horizontally 0.60 0.55 0.36
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horizontally oriented hBN respectively, which are lower than 
2.86 × 10−9 of pure silicone. The above analysis and calcula-
tion by EMT model indicate that hBN can improve the in-plane 
thermal-conductive and through-plane moisture-resistance per-
formance of silicone, and horizontal orientation of hBN can fur-
ther improve these capabilities.

A two-dimensional FEM was utilized to investigate the mecha-
nism of heat transfer enhancement and moisture resistance of sil-
icone/HhBN composite. Figure 2a,b illustrates the temperature 
and heat flux distributions, respectively. A 5 W heat source, with 
a length of 1 mm and height of 0.5 mm, was positioned at the in-
ternal upper center of a composite sample (length of 10 mm and 
height of 1 mm). All surfaces were configured for natural con-
vection heat transfer as 5 W m−2 K−1 at an ambient temperature 
of 20°C. It is found that among those composites, the silicone/
HhBN composite exhibited the lowest maximum temperature 
of 78.9°C, compared to 91.8°C for pure silicone, which recorded 
the highest. Heat flux distributions in Figure  2b elucidate the 
underlying mechanism. The heat flux in the silicone matrix was 
about 2000 W m−2, while that could exceed 30,000 W m−2 in hBN 
due to the high thermal conductivity. In contrast to silicone/
RhBN, where the disordered orientation of hBN led to less ef-
ficient heat dissipation, the orderly horizontal alignment in the 
silicone/HhBN composite facilitated more effective heat trans-
fer along the temperature gradient. Consequently, the major-
ity of hBN platelets in the silicone/HhBN composite exhibited 

elevated heat flux, resulting in a reduced overall temperature. 
Figure 2c,d present the water vapor concentration and flux dis-
tributions, respectively. Constant water vapor concentrations 
of 900 and 0 mol m−3 were set on the top and bottom boundary, 
respectively. The side boundary and the hBN boundaries were 
set as impermeable. Due to this concentration difference, water 
vapor within the composites displayed a graded distribution. 
As shown in Figure  2d, the water vapor flux in pure silicone 
showed a uniform value of 2.57 × 10−3 mol m−2 s−1. The presence 
of impermeable hBN altered the flux patterns in both silicone/
RhBN and silicone/HhBN composites, effectively suppressing 
water vapor diffusion. In most regions of these composites, 
the flux was lower than that in pure silicone, with localized 
increases to 5 × 10−3 mol m−2 s−1 occurring only in narrow gaps 
between hBN platelets. The horizontal orientation of hBN 
maximized the impermeable area along the primary diffusion 
direction thereby increasing the diffusion path length, leading 
to a more pronounced reduction in water vapor flux compared 
to the randomly oriented hBN in the silicone/RhBN compos-
ite. This dual enhancement in thermal and moisture manage-
ment underscores the efficacy of the horizontally oriented hBN 
microstructure.

Figure 3a presents the fabricated samples of silicone, silicone/
HhBN, and silicone/RhBN composites. Figure 3b compares the 
thermal conductivities of the samples, demonstrating a signif-
icant enhancement upon hBN incorporation. The horizontally 

FIGURE 2    |    Finite element method analysis. (a) Temperature distributions, (b) heat flux distributions, (c) water vapor concentration distributions, 
and (d) water vapor flux distributions of pure silicone, silicone/RhBN, and silicone/HhBN.
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orientated hBN proved more effective in-plane thermal con-
ductivities of 0.48 and 0.56 W m−1 K−1 at 5 wt% and 10 wt% 
hBN, respectively, which are nearly double the values of 0.25 
and 0.27 W m−1 K−1 for silicone/RhBN composites at the same 
hBN loadings. Compared to other current strategies, our work 
showed superiority in thermal conductivity enhancement. In 
Xie's work [17], they built a 3D-interconnected hBN network 
within the composite and realized a thermal conductivity of 
0.37 W m−1 K−1 under hBN loading of 4.5 wt%. The thermal 
conductivity enhancement per 1 wt% was 33.19%. In our work, 
this value was 44%, which is 10.81% higher than that of Xie's 
work. Figure  3c examines the WAD, measured as through-
plane diffusivity Dthrough-plane due to the samples' thin, circu-
lar film geometry with a large diameter-to-thickness ratio. 
Pure silicone exhibited a WAD of 2.86 × 10−9 m2 s−1, which de-
creased to 2.01 × 10−9 m2 s−1 in silicone/RhBN composite and 
1.37 × 10−9 m2 s−1 in silicone/HhBN composite at 5 wt% of hBN, 
and 1.42 × 10−9 m2 s−1 and 1.35 × 10−9 m2 s−1 at 10 wt% of hBN. 
These tested WADs agreed with the theoretical predictions, re-
flecting hBN's impermeability and the resulting extended diffu-
sion pathways. These results confirm hBN's ability to enhance 
both heat dissipation and moisture resistance in polymer com-
posites, with horizontal orientation via spin coating markedly 
improving thermal conductivity and moisture resistance com-
pared to random orientation. Figure 4 explores hBN's impact on 
the optical properties of QDs. Figure 4a compares the UV–VIS 
absorption spectra of QDs-silicone, QDs-silicone/RhBN, and 
QDs-silicone/HhBN composites. The absorption spectra reveal 
that QDs exhibit broad absorption across the UV–VIS range, 
with stronger absorption in the UV region. Comparing the spec-
tra of different samples, it can be found that the addition and ori-
entation of hBN slightly influenced the absorption characteristic 

of QDs. Figure 4b displays the relative PL spectra, where QDs in 
all samples exhibited a narrow PL spectrum with a peak wave-
length of 630 nm and a full-width-at-half-maximum of 32 nm. 
In addition, PL lifetime τ1 of QDs was measured to study their 
luminous stability in different composites. Figure 4c shows the 
TRPL decay curves, which were well fitted by an exponential 
function I(t) = A1e−t/τ1+ A2e−t/τ2, where I(t) is the PL initial in-
tensity at time t. The PL lifetime of QDs in silicone, silicone 
with randomly and horizontally oriented hBN was 15.25 ns, 
14.91 ns, and 15.97 ns, respectively. Compared to the referenced 
QDs-silicone, the PL lifetime variations of QDs-silicone/RhBN 
and QDs-silicone/HhBN were −2.2% and 4.7%, respectively. 
These findings indicate that neither the incorporation nor the 
orientation of hBN significantly alters the luminous stability 
of QDs, preserving their optical performance across the tested 
composites.

Figure  5a illustrates the operational schematic of transmis-
sive WLDs. A blue laser diode emits a collimated laser beam 
that strikes the geometric center of the LC, where QDs and 
phosphor partially convert the blue light into red and yellow 
light, respectively. This converted light mixes with residual 
blue light to produce white light. The centralized nature of 
the collimated blue light concentrates both the light conver-
sion and heat generation at the composite's center, resulting 
in a peak temperature at this location, as depicted in the tem-
perature distribution of Figure 5a. Under these conditions, the 
high in-plane thermal conductivity of LC/HhBN composite 
proves more effective in mitigating this centralized thermal 
load, lowering the operational temperature compared to other 
composites. Additionally, WAD is significantly influenced by 
temperature, as elevated temperatures enhance molecular 

FIGURE 3    |    Testing of silicone, silicone/RhBN, and silicone/HhBN of 5 wt% and 10 wt% hBN contents. (a) Photographs; (b) thermal conductivity; 
(c) WAD.
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motion. Figure  5b displays the fabricated LC and LC/HhBN 
composites under daylight and UV light, highlighting their 
visual properties. Figure 5c–e present the SEM images of the 
vertical section of LC/HhBN composite. The vertical cutting 
during sample preparation caused the loss of phosphor and 
hBN particles, leaving cavities in the matrix, with slit-like 
cavities specifically attributed to hBN platelets. In contrast, 
Figure  5f shows an SEM image of the horizontal section, 
where most particles remain intact. The QDs, with their 10 nm 
size, are too small to be resolved in these images. In the ver-
tical section images, most of the hBN appeared as side and 
tended to be horizontal, while in the horizontal section image, 
they appeared as the top surface, demonstrating the horizon-
tal orientation of hBN in LC/HhBN composite. In the vertical 
section images (Figure 5c–e), hBN platelets predominantly ex-
hibited their thin side facets, while in the horizontal section 
image (Figure  5f), they were viewed top-down, confirming 
their horizontal orientation within LC/HhBN composite. 
Figure 5f further reveals that the interconnected, horizontally 
oriented hBN platelets form thermal pathways around the 
phosphor particles, enhancing heat dissipation and reducing 
operational temperatures effectively. This structural arrange-
ment underscores the efficacy of the horizontal hBN orienta-
tion in optimizing the thermal management of transmissive 
WLDs. Figure 5g illustrates the EDS mapping of N, Y, and Cd 

elements, which are represented for hBN, phosphor, and QDs, 
demonstrating a uniform distribution, respectively.

Figure  6 shows the thermal performance of LC and LC/HhBN 
converted WLDs, which was evaluated using an infrared thermal 
imager with a surface emissivity of 0.98, as depicted in Figure 6a. 
The surface temperature distributions were captured once the 
maximum temperature varied within 1% over 3 min. Figure  6b 
displays the maximum surface temperatures across a range of 
driving currents, revealing a consistent increase in temperature 
with increasing driving current for all samples. However, owing 
to its superior thermal conductivity, LC/HhBN consistently ex-
hibited lower maximum surface temperatures than LC at each 
current level, with the temperature difference becoming more pro-
nounced at higher currents. Figure 6c–e shows the temperature 
distributions of LC, LC/HhBN 5 wt% and LC/HhBN 10 wt% under 
driving currents of 300, 400 and 500 mA. The infrared images 
confirm that the maximum surface temperature occurs at the geo-
metric center of the composites, a consequence of the collimated 
laser beam's central incidence. The horizontal orientation of hBN 
in LC/HhBN proved highly effective, as the in-plane thermal path-
ways formed by hBN platelets significantly alleviate the central-
ized heat accumulation observed in LC. Specifically, at 300 mA, 
the maximum surface temperatures were 103°C for LC, 73.1°C 
for LC/HhBN 5 wt%, and 64.4°C for LC/HhBN 10 wt%, yielding 

FIGURE 4    |    Optical properties of QDs-silicone, QDs-silicone/HhBN, and QDs-silicone/hBN composites. (a) UV–VIS absorption spectra; (b) PL 
spectra; (c) TRPL decay curves and the calculated lifetime.
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temperature reductions of 29.9°C and 38.6°C, respectively. At 
500 mA, these values escalated to 225°C, 171°C, and 141°C, respec-
tively, with reductions increasing to 54°C and 84°C. This compar-
ison underscores the exceptional thermal management capability 
of LC/HhBN, particularly with higher hBN loading, which could 
enhance optical performance by maintaining lower operating 
temperatures.

Figure  7 highlights the optical performances of LC and LC/
HhBN converted WLDs, with inset showing the device in opera-
tion. The lower operating temperatures of LC/HhBN contribute 
to its superior optical characteristics. In Figure 7a, the LE of LC/
HhBN 5 wt% surpasses that of LC across all driving currents, and 
shows a slower decline tendency. Conversely, LC/HhBN 10 wt% 
exhibits lower LE at smaller currents, which is mainly attributed 
to the enhanced light loss caused by the improved scattering ef-
fect under higher hBN loading [34, 35]. At 5 wt%, the light loss 
caused by the hBN scattering effect is weaker than the light en-
hancement through temperature reduction, while at 10 wt%, the 
light loss is stronger. At low currents, the generated heat was 
limited, and thus the thermal performance improvement pro-
vided by hBN did not significantly benefit device performance. 
In contrast, enhanced light loss from hBN particles was domi-
nated, resulting in a lower LE. At 500 mA, the LE values were 
131.34 lm W−1 for LC/HhBN 5 wt%, 129.65 lm W−1 for LC/HhBN 
10 wt% and 124.76 lm W−1 for LC. As driving current rose, the 

LE of LC/HhBN 10 wt% approached that of the 5 wt% variant 
and exceeded LC. Figure 7b shows the correlated color tempera-
ture (CCT) of the WLDs, where LC/HhBN demonstrated greater 
stability with increasing currents. At 500 mA, all tested WLDs 
maintained a CCT around 4500 K, indicating a neutral white 
light. The color rendering index (CRI), which measures color 
accuracy, is presented in Figure 7c. CRI decreased with rising 
currents due to temperature effects, but LC/HhBN 5 wt% consis-
tently outperformed LC. The LC/HhBN 10 wt% remained more 
stable, though its CRI was lower between 200 and 400 mA. Over 
the range of 200 mA to 700 mA, CRI values shifted from 82.7 to 
75.4 for LC/HhBN 5 wt%, 81.2 to 74.6 for LC, and 77.9 to 77.3 for 
LC/HhBN 10 wt%. Figure 7d compares the emission spectra of 
the tested WLDs at 500 mA, revealing similar power distribu-
tions across the samples. However, LC/HhBN 5 wt% exhibited 
a stronger yellow and red intensity, accounting for its higher 
LE and CRI, and slightly lower CCT. Collectively, these results 
demonstrated that LC/HhBN, particularly at 5 wt%, achieved 
the best optical performance by optimizing temperature reduc-
tion and minimizing light loss among the tested configurations.

Furtherly, a temperature-humidity-control aging experiment 
was proceeded to investigate the humidity stability of QDs in 
silicone with horizontally oriented hBN. Figure  8a presents 
photographs of the tested samples, while Figure 8b depicts the 
intensity aging curves for QDs-silicone, QDs-silicone/HhBN 

FIGURE 5    |    Microstructures of LC/HhBN composite. (a) Operational schematic of transmissive laser diodes and temperature distribution of the 
illuminated composite; (b) Photographs of LC and LC/HhBN composites under daylight and UV light; (c–e) SEM images of vertical section of LC/
HhBN composite; (f) SEM images of horizontal section of LC/HhBN composite. (g) SEM images and the corresponding EDS mapping images of N, 
Y, and Cd.
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5 wt%, and QDs-silicone/HhBN 10 wt% composites under con-
ditions of 60°C and 90% relative humidity over 600 h. During 
the aging process, both decrease and increase stages of intensity 
were observed, which were caused by the temperature and mois-
ture induced defect states and the water/oxygen molecules in-
duced defect states passivation [21, 22]. After 600 h, the relative 
intensity of the samples remained 0.82 of QDs-silicone/HhBN 
5 wt%, 0.81 of QDs-silicone/HhBN 10 wt%, and 0.65 of QDs-
silicone. The time-evolving relative intensity of QDs-silicone 
and QDs-silicone/HhBN 5 wt% exhibited similar trends. Due 
to the moisture-resistance horizontally oriented hBN, the de-
crease in the intensity of QDs-silicone/HhBN was smaller than 

QDs-silicone. Notably, between 240 and 312 h, the relative in-
tensity of QDs-silicone decreased from 0.87 to 0.70, while that of 
QDs-silicone/HhBN was 0.92 to 0.86. The time-evolving trend 
of QDs-silicone/HhBN 10 wt% was completely different from the 
others. Its intensity sharply dropped from 1.00 to 0.76 in the first 
24 h and then slightly increased to 0.87 at 24–312 h, finally de-
creasing to 0.81 at 312–600 h, which showed a more stable trend 
in the aging process. This pattern suggests greater long-term sta-
bility, likely due to the higher hBN loading enhancing the bar-
rier effect against moisture ingress. These results affirmed that 
horizontally oriented hBN significantly bolsters the humidity 
stability of QDs under challenging conditions.

FIGURE 6    |    Thermal performance comparison of LC and LC/HhBN WLDs. (a) Temperature measurement set up; (b) maximum surface tem-
perature curves of the tested samples under different driving currents; Surface temperature distributions of the tested samples under (c) 300 mA, (d) 
400 mA, and (e) 500 mA.
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4   |   Conclusion

In this work, we developed a microstructure in composites with 
horizontally oriented hBN to simultaneously improve the ther-
mal and humidity performance of QDs converted optoelec-
tronic devices. The use of EMT effectively validates the design, 

demonstrating that silicone/HhBN composite achieved a higher in-
plane thermal conductivity and lower through-plane water vapor 
diffusivity compared to silicone/RhBN composite and pure sili-
cone. The FEM simulation further elucidates the mechanisms: the 
orderly horizontal hBN orientation boosts heat flux along the tem-
perature gradient for superior heat transfer while forming a larger 
impermeable area in the diffusion direction to enhance moisture 
resistance. The experimental results align well with these find-
ings. The tested in-plane thermal conductivity and through-plane 
WAD of silicone/HhBN composite were significantly higher than 
pure silicone, respectively. In practical application, the fabricated 
LC/HhBN 5 wt% WLDs outperform traditional LC WLDs across 
optical, thermal, and humidity metrics. Additionally, it achieved 
an excellent CRI and CCT of high-quality white lighting. An aging 
experiment under 60°C and 90% relative humidity was carried out 
to further demonstrate the humidity resilience of QDs-silicone/
HhBN. These results collectively highlight the robustness of the 
strategy, offering a promising pathway to elevate the performance 
and reliability of QDs-based optoelectronic devices in demanding 
thermal and humid environments.
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